IMPORTANCE Case-control studies show a possible relationship between oral bacteria and head and neck squamous cell cancer (HNSCC). Prospective studies are needed to examine the temporal relationship between oral microbiome and subsequent risk of HNSCC.
M ore than 550 000 new cases of head and neck cancer (oral cavity, pharynx, and larynx) and 380 000 deaths related to the disease occur worldwide per year.
1 Head and neck squamous cell cancer (HNSCC) comprises approximately 85% of these cases, leading to considerable physical disfigurement, decreased quality of life, and an approximately 40% 5-year mortality rate. There is a critical need to develop effective new approaches for prevention of HNSCC, to complement efforts for smoking, alcohol, and human papillomavirus (HPV) control. The human mouth hosts a diverse community of bacteria referred to as the oral microbiome.
2 Approximately 700 bacterial species have been identified in the human oral cavity to date. These bacteria are involved in a wide variety of functions, and many are important in maintaining oral health. 3 The role that bacteria play in the etiology and predisposition to cancer is of increasing interest, and several investigations have been carried out relating to the oral microbiome and its association with head and neck cancer. [4] [5] [6] [7] [8] [9] [10] Bacterial profiles in cancer cases were identified in these studies, but the investigations were limited to oral cavity cancers, were of a small sample size, and were often limited to a small number of bacterial species analyzed. Furthermore, direct analysis of bacterial communities in patients with tumors cannot distinguish whether observed microbiome profiles reflect secondary overgrowth of certain bacteria with preference to the cancer microenvironment, or whether they are associated with future development of cancer. We conducted a prospective study nested in 2 large US cohorts to determine if the oral microbiome was associated with subsequent risk of HNSCC. We directly assessed the oral microbiota from high-throughput sequencing of the 16S ribosomal RNA (16S rRNA) gene in prediagnostic oral samples from 129 HNSCC cases and 254 controls in these cohorts and compared patient cases and controls for overall microbiota composition, and abundance of specific bacterial taxa. We also examined whether the associations of oral microbiome with subsequent HNSCC differed according to tobacco use, cancer site (oral cavity, pharynx, and larynx), or by time from microbiome measurement to cancer diagnosis.
Methods

Study Population
Parent Cohorts This study included 129 men and women diagnosed with HNSCC during follow-up (58 from the American Cancer Society Cancer Prevention Study Nutrition Cohort [CPS-II] and 71 from the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial [PLCO] ) and 254 matched controls (114 from CPS-II and 140 from PLCO). All participants provided informed consent and all protocols were approved by the New York University School of Medicine institutional review board. The research cohorts comprised large US research populations with stored oral wash samples, comprehensive demographic and risk factor information, and prospective follow-up for cancer incidence. The characteristics of the 2 cohorts were comparable, and oral samples were collected in a similar fashion.
The CPS-II cohort 11 included more than 184 000 participants, aged 50 to 74 years, from 21 US states who completed a mailed baseline diet and lifestyle questionnaire in 1992. Since 1997, follow-up questionnaires have been sent to cohort members every other year to update exposure information and to ascertain incident cancer cases; a response rate of more than 80% has been achieved for each follow-up questionnaire. was a large population-based randomized trial that examined effects of screening on cancer-related mortality and secondary endpoints, in men and women aged 55 to 74 years, recruited between 1993 and 2001, and followed for cancer incidence. Participants were randomized to either a screening or control arm. Oral wash samples were collected in the control arm (n = 52 000). During follow-up, incident cancers were ascertained by an annual mailed questionnaire (>95% follow-up rate), and verified through medical records or death certificates. This analysis includes cases of HNSCC diagnosed between oral wash collection and December 2010.
Nested Case-Control Study Selection Incident cases of HNSCC (n = 129) were identified during a mean 3.9 years of follow-up. Patients had histologically confirmed incident HNSCC, including cancers of the oral cavity (excluding salivary glands) according to the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) (ICD-10 codes: C02.0-C06.9), pharynx (excluding nasopharynx) (ICD-10 codes: C01 [base of tongue], C09.0-C10.9, C12-C13.9), and larynx (ICD-10 codes: C32.0-32.9). Patients selected for study had valid consent, prediagnostic oral wash samples, and had no prior medical history of cancer (except nonmelanoma skin cancer). Cohort nested controls were selected by incidence-density sampling among cohort members who had no cancer prior to selection, provided a valid consent, and provided an oral wash sample. Controls were matched to patient cases, in a ratio of 2 controls per patient case, by cohort, sex, race/ethnicity (white, black, or other/unknown), age at oral sample collection (within 1 year) and date of oral wash collection (within 30 days for CPS-II and within 3 months for PLCO); 4 controls were excluded owing to inadequate materials, resulting in 4 patient cases having only 1 matched control.
Measurements
Demographic and Risk Factor Information At enrollment and follow-up periods, participants in both cohorts completed a structured questionnaire that included questions about age, sex, race, smoking status, and alcohol consumption. For each participant, we used covariates from the questionnaire most closely preceding oral wash sample collection. Oral HPV status was available in the cohorts. 13 The relevant cohort data were harmonized and transferred to NYU School of Medicine.
Oral Wash Samples
Oral mouthwash samples were collected in both cohorts using similar protocols. 12,14 DNA is highly stable in a frozen state, which allowed us to use the frozen oral wash pellets archived in the CPS-II and PLCO cohorts. We have previously characterized HPV-16 status in these samples 13 and shown suitability of this sample type for oral bacterial microbiome measurement.
15
Oral Microbiota Characterization Using 16S rRNA Gene Sequencing Bacterial genomic DNA was extracted from thawed mouthwash samples using the PowerSoil DNA Isolation Kit (MO BIO). From extracted DNA, we amplified the 16S rRNA gene V3 to V4 regions using universal primers (347F 5′-GGAGGCAGCAG TRRGGAAT′-3′ and 803R 5′-CTACCRGGGTATCTAATCC-3′), while incorporating adapters and sample-specific barcode sequences. 16 The 454 FLX Titanium pyrosequencing system (Roche) was used to sequence the resulting amplicons. The sequencing data will be submitted to dbGaP.
Upstream Sequence Analysis of Microbiome Data
Multiplexed sequences from pyrosequencing were demultiplexed based on sample-specific barcodes. Poor-quality sequences were excluded using QIIME. 
Quality Control
Laboratory personnel were blinded to case or control status of participants, and matched pairs were processed side by side. Blinded positive quality control (QC) specimens were used across all sequencing batches. We previously reported that multiple repeated QC samples had good agreement (total 31 assays from 3 nonparticipant volunteers), with coefficient of variability of 0.45% to 6.22% for the Shannon-Wiener index for the PLCO and CPS-II sequencing batches. 15 In addition, we also assessed temporal stability of microbiome from oral wash samples, with repeat-collected QC samples, each week for 4 to 6 weeks from 5 volunteers.
Statistical Analysis
Permutational multivariate analysis of variance (PERMANOVA; adonis function, vegan package; R Foundation) was used to examine statistically whether overall bacterial community composition (β-diversity) differed by case or control status, adjusting for age at oral sample collection, sex, race, smoking status, number of cigarettes per day for ever-smokers, alcohol drinking status, grams ethanol per day for ever-drinkers, and oral HPV-16 status. We assessed within-participant diversity (α-diversity) using numbers of observed OTUs (richness) and the inverse Simpson index (evenness) in linear regression, adjusting for covariates, and based on 500 iterations of rarefied OTU tables with sequencing depth of 3000 (1 participant excluded). We compared bacterial taxa between patient cases and controls, with correction for over-dispersion and library size, at each taxonomic level, using the differential gene expression analysis based on the negative binomial distribution (DESeq) in the DESeq2 package, 20,21 with variance and mean linked by local multivariable regression. We identified 10 phyla, 22 classes, 36 orders, 62 families, 127 genera, and 439 species before filtering. We analyzed taxa within 5 phyla (99.7% of reads, eTable 2 in the Supplement). In addition, we filtered to include only taxa with at least 2 sequences in at least 40 participants to remove low-count taxa for the phylum through species-level analysis. Our analyses included 5 phyla, 11 classes, 17 orders, 28 families, 50 genera, and 167 species. We used DESeq2 default outlier replacement and filtering of count outliers (maximum Cook distance, D > 25). To account for multiple comparisons at each taxonomic level, we considered a false discovery rate (FDR)-adjusted P value (q value) <.10, 2-sided, as significant. 22 Further, we conducted stratified analyses according to smoking status, alcohol consumption status, site (oral cavity, pharynx and larynx), study cohort and time from oral wash sample collection to diagnosis. Analyses were carried out using R statistical software (version 3.3.1, R Foundation)
Results
Cases of HNSCC and controls in the CPS-II and PLCO cohorts were similar with respect to age, sex, and race ( Table 1) . Cases in both cohorts were more likely than controls to be current tobacco smokers, tended to have greater alcohol consumption (among drinkers), and to be positive for oral carriage of HPV-16. Oral microbiome β-diversity (eFigure 1 in the Supplement), species richness, and evenness did not differ significantly for all those in the case group, or for oral cavity, pharynx, and larynx cancer, compared with controls (all P> .05). In analysis of oral microbiome taxa, greater abundance of phylum Actinobacteria was associated with increased risk for HNSCC (fold change [FC], 1.21; P = .01; q = .05), although the maximum Cook D was large (>10), suggesting that this estimate is not robust (Table 2) (Figure 1 ). When examining lowerlevel taxa in phylum Actinobacteria, greater abundance of order Corynebacteriales, family Corynebacteriaceae, and genus Corynebacterium were associated with reduced risk of HNSCC (Corynebacterium: FC, 0.58; 95% CI, 0.41-0.80; P = .001; q = .06). In addition, class Betaproteobacteria, order Neisseriales, family Neisseriaceae, and genus Kingella in phylum Proteobacteria were significantly associated with lower risk of HNSCC (Kingella: FC, 0.63; 95% CI, 0.46-0.86; P = .003; q = .08). When we adjusted for Corynebacterium abundance in the Kingella multivariable model, and vice versa, both genera remained significant, suggesting independent associations with HNSCC. Three species, Prevotella nanceiensis, Capnocytophaga leadbetteri and Selenomonas sputigena, were also inversely related to HNSCC (P < .05, q<.10) ( Table 2 ). None of 4 bacteria known to be associated with periodontal disease (Porphyromonas gingivalis, Tannerella forsythia and Aggregatibacter actinomycetemcomitans) and dental caries (Streptococcus mutans) were associated with risk of HNSCC, with respect to taxonomic abundance (eTable 3A in the Supplement)oroverall bacterial carriage (presence/absence) (eTable 3B in the Supplement).
13
Associations observed for all HNSCC cases and controls (after adjustment for tobacco and alcohol use) tended to be more pronounced in current and former smokers than never smokers, including for Neisseriales and Kingella, but tests for interaction did not identify any significant differences by smoking status (Figure 2A ) (eTable 4 in the Supplement). When we excluded current smokers from the analysis (41 patient cases, 10 controls), results were similar to those for all participants for Corynebacterium (FC, 0.76; 95% CI, 0.60-0.98) and Kingella (FC, 0.69; 95% CI, 0.51-0.92). Relationships of Corynebacterium and Kingella with HNSCC were largely consistent by age, sex, alcohol use, and by membership in the CPS-II and PLCO cohorts (all tests for heterogeneity, P > .05). Risks were also unchanged after exclusion of participants positive for HPV-16 (12 patient cases, 2 controls). The observed associations did not differ by years of follow-up between sample collection and diagnosis (eTable 5 in the Supplement, all tests for heterogeneity P > .05), indicating that risks observed in our study are unlikely owing to effects of undiagnosed HNSCC. Greater abundance of genera Corynebacterium (order Corynebacteriales), Kingella (order Neisseriales), Neisseria (order Neisseriales), Abiotrophia (order Lactobacillales), Capnocytophaga (order Flavobacteriales) and species Kingella dentificans and Streptococcus sanguinis were associated with reduced risk for larynx cancer, (all P < .01, q <.10) ( Figure 2B ) (eTable 6 in the Supplement). No bacterial genera were associated with oral cavity or pharynx cancer (q>.10). At the species level, Actinomyces oris and Veillonella denticariosi were associated with reduced risk of pharynx cancer (eTable 6 in the Supplement). Parvimonas micra and Neisseria sicca were associated with reduced risk of oral cavity cancer, whereas an unnamed Actinomyces (oraltaxon_170) was associated with increased risk at this site (the latter with maximum Cook D>10) (eTable 6 in the Supplement).
Discussion
In this first prospective study of the oral microbiome and HNSCC, we found that greater abundance of the commensal bacterial genera, Corynebacterium and Kingella, was associated with reduced risk of HNSCC. The findings were consistent in both cohorts and were unrelated to the time period of microbiome measurement, indicating that risk preceded disease occurrence. We found that these associations tended to be strongest in those with a history of tobacco use. Also these genera and a broader spectrum of bacterial commensals were most strongly associated with larynx cancer. These results are consistent with a role of the healthy oral microbiome in HNSCC prevention.
Several studies have reported on the prevalence of oral bacteria in oral cancer. Culture-based studies revealed increases in salivary bacterial counts in oral cancer patients, 4 and bacterial differentials in oral cancer tissue compared with normal tissue of the same patients 5 or with tissue from healthy patients. 6 Studies based on DNA sequencing have also characterized bacterial colonization of oral tumors. 7-10 Although these studies identified certain microbial patterns present in oral cancer, they do not directly address the relationship of the oral microbiome to development of HNSCC. To address this gap, we prospectively examined risks for HNSCC, including oral cavity, pharynx, and larynx cancer, while taking into account risks associated with smoking, alcohol consumption, and oral carriage of HPV.
23-25
Our findings that reduced risk of HNSCC is associated with greater abundance of Corynebacterium and Kingella is biologically plausible. In this study population, we recently reported that oral Corynebacterium and Kingella are functionally related to xenobiotic biodegradation and metabolism pathways, including capacity to metabolize several toxicants found in cigarette smoke. 15 Our findings of stronger inverse association of these oral taxa with HNSCC in current and former smokers, suggest that the preventive effect of those taxa may be more pronounced in the high-carcinogen oral environment in smokers. In HNSCC, tobacco use tends to have the strongest relationship with larynx cancer, with respect to amount smoked 26 and level of continued risk years after smoking cessation. 27 Although our study tends to show the strongest relationships of the oral microbiome for smokers and for larynx cancer, these findings require independent verification. Others have speculated that oral bacteria could influence risk of HNSCC in consumers of alcohol because several commensal bacteria can metabolize ethanol to carcinogenic acetaldehyde. 28 In a recent analysis in the PLCO Trial, 24 the proportion of head and neck cancer cases attributed to alcohol alone was 14.7%, and to tobacco and alcohol combined was 0.9%, indicating that alcohol-related risks in PLCO (and likely in CPS-II) are moderate, limiting the ability in our study to assess bacterial alcohol metabolism interrelationships with HNSCC. We recently reported 13 a 22-fold increased risk in these cohorts for oropharyngeal cancer related to oral HPV-16 carriage; here we report that Aorisand V denticariosi are potentially associated with a modestly reduced risk of pharynx cancer and oropharynx cancer, after adjustment for HPV-16 status or exclusion of HPV-positive cases. Human papillomavirus is clearly the dominant microbial factor for cancer at these cancer sites in HPV carriers; however, these oral bacteria may play a protective role in noncarriers. Because periodontal disease, 29 tooth loss 30 and infrequent tooth brushing 31 are linked with increased risk of HNSCC in epidemiologic studies, it is plausible that oral bacteria associated with these conditions may be risk factors for HNSCC. We found no relationship with HNSCC for selected bacterial taxa associated with periodontal disease and dental caries. It is becoming evident, however, that periodontitis and dental caries are caused by mixed-species communities rather than by individual pathogens working in isolation. 32 In this regard, greater abundance of Corynebacterium and Kingella,aswell as Neisseria, Abiotrophia, Actinomyces, Veillonella, and Capnocytophaga, have been related to good oral health rather than to oral disease. 33, 34 Thus, commensal bacteria associated with reduced risk for HNSCC in our study may characterize a healthy oral microbiome that prevents disease development. This hypothesis is also consistent with our finding of no broad differentials in bacterial α-or β-diversity between participants in the case group and those in the control group in our study.
Limitations
There are certain limitations to our study. From this observational study, causality may not be firmly established, although the prospective design provides a rigorous test of the hypothesis that oral bacteria might play a role in development of HNSCC. Also, we were able to access nested casecontrol oral wash samples from a repository of more than 120 000 volunteers in PLCO and CPS-II to carry out this prospective study; however, it would have been of additional value to also study samples isolated from other oral sites (eg, tongue, other oral mucosa, dental plaque), but no such resources were available. A limitation of our study is measurement of only a single oral sample. Microbiome measures at multiple time points could result in more precise exposure estimates, although the abundance of Corynebacterium, Kingella, and other core members of the oral microbiome are fairly stable over time at the genus level. 35, 36 Furthermore, most participants in our study were white, potentially limiting generalizability of our research for other races and ethnicities.
Conclusions
This survey of oral bacterial microbiota found that increased abundance of Corynebacterium, Kingella, and potentially other selected genera and species was associated with risk of HNSCC. The study provides the first comprehensive evidence that the oral microbiome may be associated with subsequent risk of HNSCC, with the strongest links for larynx cancer and those with a history of tobacco use. Maintenance of a healthy oral microbiome is essential to oral health 37
; our findings may have implications for HNSCC prevention in conjunction with other control measures.
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Cohort
Mean ± SD Mean ± SD Mean ± SD CPS-II 9,145 ± 2,992 9,004 ± 2,767 9,217 ± 3,110 PLCO 7, 744 ± 2, 830 7, 987 ± 3, 460 7, 620 ± 2, 455 Total 8, 373 ± 2, 983 8, 445 ± 3, 196 8, 337 ± 2, 875 2 1. Poor-quality sequences were excluded using the default parameters of the QIIME script split_libraries.py
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(minimum average quality score=25, minimum/maximum sequence length=200/1000 base pairs, no ambiguous 4 base calls, and no mismatches allowed in the primer sequence).
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